Under these circumstances, it is desired to establish Because a simple linkage of these motifs was not suffia novel methodology to efficiently reconstitute multiple cient to construct a bifunctional peptide, and the sucfunctions from the assemblages of short peptide motifs. cessful reconstitution was dependent on how they
Tat and BH3 Noxa were peptides, proteins, nucleic acids, and other molecules across the plasma membrane [15] . The 12-amino acid connected via two alanines (PTD-BH3 pep , Figure 1B ). Although translocation of PTD-BH3 pep into cells was con-BH3 Noxa motif, which is comprised of a 9-amino acid BH3 core sequence and an extra tripeptide at its C terminus, firmed ( Figure 1C ), it had no inhibitory effect on the growth of several tumor cell lines, nor did it affect the is derived from a human proapoptotic BH3-only protein, Noxa (54-amino acids), and has been shown to mediate cell morphology ( Figures 1D and 1E) . Thus, simple conjugation of PTD Tat and BH3 Noxa was not sufficient to create p53-dependent apoptosis [16] . Previous work demonstrated that 20-amino acid mouse Noxa BH3 domain, a bifunctional peptide. We next aimed to reconstitute apoptosis-inducing acwhich contains the 9-amino acid BH3 core sequence, failed to recapitulate proapoptotic functions such as tivity by assembling polymers of these motifs. We re- (Figure 2A ). In addition, we lines indicated that protein #284, which was composed of 214 amino acids and contained two PTD Tat motifs selected the codons for these motifs so that the different reading frames coded for peptides containing an ␣ helix, followed by three BH3 Noxa motifs ( Figure 2C and Table 1 ( Figure 4A ). Analysis of the CD spectra showed that 284 notypes in cancer cells. Cell proliferation assays showed that 172, in which the last two BH3 Noxa motifs were deand its derivatives have similar adsorptions at 222 nm (data not shown), and the content rate of positively leted, leaving two PTD Tat and one BH3 Noxa motifs, still inhibited cell growth in a similar manner to 284 (Figure charged residues was also similar among these proteins (Table 1) . However, these proteins exhibit different phe-4B). In contrast, when all of either motif was deleted from the protein (284⌬BH3 or 284⌬PTD, see Figure 4A ), Functional Differences between Combinatorial Polymers only minor impairment of cell growth was observed (Figure 4B) . Consistent with these findings, TUNEL staining Although the conditions used for the initial characterization apparently dictated that 284 would be the only clone showed that both 284 and 172 induced apoptosis, whereas 284⌬BH3 and 284⌬PTD significantly reduced able to induce apoptosis in human hepatoma cell lines ( Figure S2A ), we found that other MG-27 polymers also the proapoptotic function (Figures 4C and 4D) . We also confirmed that 284⌬BH3 effectively entered the cells exerted inhibitory effects on growth under different conditions. To further clarify the combinatorial nature of the ( Figure S2D 
A Hierarchal Approach for Protein Evolution
The synthesis of artificial proteins that regulate signal duction [15] and apoptosis induction [16] . The simple conjugant of these two motifs has been shown to penetransduction pathways is a "bottom-up" approach for understanding dynamic behaviors of the signal network trate into cells but fails to induce apoptosis (Figure 1) , indicating that the activity of the BH3 Noxa motif is someand its evolution [21] . It has already been shown that such a synthetic approach for nucleic acids has given how latent and proper configurations of the proteins are required to actualize the BH3 Noxa activity. Several reports us profound insights into the evolvability of RNA and DNA [22] . In these nucleic acid experiments, a pool of have already indicated that the isolated BH3 peptide had apoptotic activity by itself [5] or by conjugation random sequences was first prepared by the combinatorial assemblages of four nucleotides from which novel with a protein transduction peptide [6, 7, 8] . Differences between these previous experiments and ours are as molecules having significant catalytic activities such as tRNA aminoacylation activity [23] or RNA polymerization follows: (1) in previous reports, a longer peptide sequence (16-to 24-amino acids) was used as a BH3 motif, [24] have been selected. In contrast to the remarkable achievements of this "emergence from random sewhereas we used a shorter 12-amino acid BH3 Noxa motif that is comprised of the 9-amino acid BH3 core sequence" approach in RNA evolution, the creation of novel proteins from random sequences has been limited quence and an extra tripeptide; (2) previous reports have extracted the BH3 motif from Bak [6] , Bad [8] , Bid [10] , to the one that has ATP binding activity [25] , and we do not know whether a similar "random sequence" apor Bax to make fusions with PTD, whereas we used the BH3 motif from Noxa, whose motif sequence somehow proach would be applicable for the in vitro synthesis of larger functional proteins. deviated from the other members [16] . Furthermore, a 20-amino acid peptide containing the Noxa BH3 domain
The modular structures of extant proteins suggest that they evolved from duplications or recombination of has been shown to neither release cytochrome c from mitochondria nor interact with Bcl-2 [10] . We believe genetic units corresponding to "exon" [26] , "module" [27], or "domain." It is thus plausible that the evolution that these differences would underlie the latency of BH3 Noxa that we used, and for this very reason we were of proteins has proceeded in a hierarchical manner, i.e., first, a smaller primordial microgene, whose translaable to investigate the combinatorial effects on the elicitation of the BH3 Noxa activity in artificial proteins. tional products (polypeptides) had only weak biological activities, arose from a random sequence, and then Among the artificial proteins, 284 has shown the strongest apoptotic activity accompanied by caspase combinatorial assemblages of microgenes gave birth to the larger modern genes having more sophisticated activation (Figure 3 ) and the potential loss of the mitochondrial membrane ( Figure 4E ). These observations activities. The relevance of the hypothesis of "a hierarchical evolution of proteins" has already been proven indicated that 284 activated the mitochondria pathway of apoptosis, where the BH3 motif-containing proteins by theoretical experiments in which such an approach has been shown to allow a much more efficient search play a pivotal role. Although 284 has three BH3 Noxa motifs in its sequence, this multiplicity could not explain the of the protein sequence space and to provide a greater likelihood of generating new protein folds [28] . Efforts elicitation of the latent activity of the BH3 Noxa , because one of the deletion derivatives of 284, 172, retained the are ongoing in many laboratories to establish a versatile in vitro protein synthesis system whose underling conapoptotic activity irrespective of its loss of the last two BH3 Noxa motifs (Figure 4) . Furthermore, a simpler polycept is a hierarchical evolution using a constrained DNA library rather than random sequences [14, [29] [30] . Almer, 216, which has one PTD Tat motif and one BH3 Noxa motif, also exhibited a weak but significant proapoptotic though "DNA shuffling," invented by Stemmer, is one such hierarchical evolution system and has been sucfunction ( Figure 5D ). Interestingly, in simpler polymers, the combinatorics of three reading frames was processfully used for the directed evolution of existing proteins [31] , the assemblage between gene blocks that do found, i.e., the 214 protein, which also has the same number of motifs as does 216, has been shown to be not share any sequence similarity is difficult to achieve by this methodology. Methods to create artificial protein defective in inducing apoptosis ( Figure 5D ). In these proteins, sequences derived from the different reading that rival the random sequence approach include the "constrained libraries" approach, in which a pool of biframes were connected with the two motif sequences. In 214, a second reading frame (green, Figure 5A ) precedes ased sequences are used for starting libraries [32] [33] . In this study, we started from smaller primordial units the PTD Tat   -BH3 Noxa motifs, whereas 216 has a first reading frame (gray) and a part of the third reading frame of sorts, peptide motifs, and created larger functional proteins by their combinatorial polymerization. For the (GRK, orange) in its N-terminal region. Moreover, in 214, a single mutation occurs between the two motifs (Figure polymerization, we first embedded two motifs in different reading frames of a single microgene, and then pre-5A, P, pink). Although further investigations will be required to elucidate the phenotypic difference between pared tandem polymers of the microgene with genetic noise at the junctions. Translational products of the re-214 and 216, especially in terms of the relationship to their structures, these results showed that the presence sultant microgene polymers were combinatorial polymers of three reading frames, because the noise at the of two motifs per se is not sufficient to reconstitute a bifunctional molecule, but the arrangements of the mojunctions randomly changes the reading frames ( Figure  2 ). This strategy unambiguously belongs to the hierartifs in proper configurations would be critical for obtaining functional proteins. Thus, the combinatorial apchal approach for an in vitro protein evolution system and is relevant to the constrained libraries approach. proach from a library composed of short sequence motifs is a promising way to create functional proteins.
Although the number of motifs that can be embedded Cell Culture
